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ARTICLE INFO ABSTRACT
Keywords: Over the recent decades, many investigations have been performed to enhance the performance of solar desa-
Solar desalination lination. Some of these studies improved the saline water temperature, while others decreased the glass cover
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temperature. This study has investigated single-slope solar still using an evacuated tube heat pipe solar collector
(ETHP-SC) and a new design of external condenser. The ETHP-SC increased the saline water temperature. On the
other hand, the external condenser enhanced the condensation rate using a wind ventilator and a water cooling
system. The pressure inside the modified solar desalination decreased by the suction of water vapor with the
wind ventilator. The water vapor flowed to the external condenser and was distilled by hitting the perforated
copper plate connected to the water cooling system. Results revealed that the freshwater generation of solar
desalination using an external condenser and ETHP was about 2.13 times those of conventional ones. The yield
fraction of the external condenser was about 18.62% of the total water productivity. Moreover, the carbon di-
oxide mitigation was almost 29.19 tons and 0.51 tons based on environmental and exergoenvironmental analysis
in the modified solar desalination, respectively.

various parameters, including configuration [5,6], material absorption
[7,81, water height [9,10], glass cover [11,12] and insulation material
and thickness [13,14] improve the performance of solar desalination.
Solar desalination is classified as active and passive types in terms of
application. In passive solar desalination, solar energy is the only term of
energy, increasing the saline water temperature and producing pure
water [15]. Meanwhile, for active solar still, different techniques that
raise the water temperature, including solar collector [16], phase
change material [17,18], nanoparticles [19,20], thermoelectric heating
[21,22], electrical heater [23], air heater [24], and photovoltaic/ther-
mal technology [25] have been studied. Given the high water produc-
tivity and energy efficiency of active solar desalination, numerous
studies have been performed on it.

An evacuated tube heat pipe solar collector (ETHP-SC) is a device for
heat transfer based on thermal conductivity between solar collector and
water to increase the water temperature [26]. Bhargva and Yadav [27]

Introduction

The importance of fresh water in human life and civilization is not
unknown. Access to pure and drinkable freshwater is the main topic in
most developing countries. So far, various methods have been developed
to separate salts from saline water and produce freshwater, most of
which require energy generated by fossil fuels to obtain fresh water. The
main problem in such systems is the environmental pollution and
depletion of these energy sources. Solar energy is among the significant
sources of renewable energy with many applications [1]. The use of
solar energy is increasing in various fields, especially the desalination of
brackish water [2]. The use of solar still has many benefits, including
low maintenance and operation costs and no need to use fossil fuels. In
recent years, various research has been pursued on increasing the effi-
ciency of solar still given the low water productivity [3,4]. Changes in
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Nomenclature

Ay Surface area (m?)

AMC Annual maintenance operational price ($)
ASV Annual salvage value ($)

a Accuracy of the instrument

BCR Benefit cost ratio

CPL Water output cost ($ LY

CRF Capital recovery factor

Ein Embodied energy (kWh)

(Een)out  Annual energy output (kWh)
(Eex)out Annual exergy output (kWh)
EPBT Energy payback time (years)
EPF Energy production factor
ETHP-SC evacuated tube heat pipe solar collector
FAC Fixed annual price ($)

hg Latent heat (KJ/Kg)

i Interest rate (%)

I Solar intensity (W/m2)

m water production rate (L/s)

M Annual productivity (L/m?2.year)
n Lifetime (years)

p Capital price ($)

POW Price of water ($)

S Salvage value ($)

SFF Sinking fund factor

T Temperature (°C)

u The standard uncertainty

w Electrical equipment (W)

UAB present worth of benefit ($)

UAC Uniform annual cost ($)

Xeo, Environmental parameter (ton CO-)
Xex con Exergoenvironmental parameter (ton CO5)
Zeoy Price of carbon ($)

Greek symbols

Ndaily Daily efficiency

Subscripts

a Ambient

ev Evaporative

ex Exergy

s Solar

w Water

studied the impact of glass shading and an evacuated tube collector on
the performance of solar desalination. In another study, they [28]
investigated the enhanced water generation of solar desalination using a
solar collector coupled with a heat exchanger, mirrors, and an external
condenser. The internal mirrors were used to enhance the solar intensity
of the basin liner. The results indicated increased water production rates
in internal mirrors, external condenser, and evacuated tube solar desa-
lination. Feilizadeh et al. [29] increased the water productivity of a solar
desalination using a V-shape external condenser and a solar collector.
They reported that the freshwater generation of new solar stills
increased. Dawood et al. [30] studied the effect of solar collector and
phase change material on the water output of solar desalination. Their
results showed that the CPL of solar desalination using modification and
traditional solar desalination were equal to 0.0154 and 0.0219 $/L,
respectively. Fallahzadeh et al. [31] studied the daily yield of a pyramid
solar desalination using various operating fluid solar collector. They
revealed that the freshwater yield of solar desalination using a heat pipe
solar collector and conventional solar desalination was equal to 6970
cc/m?.day and 3300 cc/m?.day, respectively. Singh et al. [32] inte-
grated two different configurations of solar desalination with solar col-
lector, which enhanced the water temperature and resulted in different
temperatures between glass and water. The CPL of modified double
slope solar desalination using solar collector declined about 15.19% in
comparison with the single slope solar desalination using solar collector.
They also found that the optimum water flow rate and number of
evacuated tubes in both solar stills were 0.016 kg/s and 12, respectively.

Water vapor is separated from the water and flows over the glass
cover due to the natural convection heat transfer between condensation
and evaporation zones. The water output can increase by reducing the
condensation surface temperature using the external condenser method.
Simultaneous use of nanotechnology and external condenser methods
has a high impact on the solar still performance. Eltawil et al. [33]
studied the effect of using solar air and water heaters and an external
condenser on the water generation of a solar still. Their results revealed
that the daily yield of the system was improved by 51% and 82%,
respectively. Kabeel et al. [34] studied the water output of solar desa-
lination using an aluminum oxide nanofluid and an external condenser.
They found that the water output of solar desalination with external
condenser enhanced by 53.2%, while the external condenser and
aluminum oxide nanofluid increased it by about 116% compared to

conventional ones. In another study, Kabeel et al. [35] evaluated a nu-
merical and experimental study on the impact of Al;O3 and Cuy0
nanofluids with external condensers on the freshwater generation of
solar desalination. They revealed that the water production rate in solar
desalination by AlyO3 and CuO nanofluids and external condenser
improved by 126% and 134%, respectively. Omara et al. [36] increased
the water generation of corrugate wick solar desalination using
aluminum oxide, cuprous nanofluids, and an external condenser. Hassan
et al. [37] modified the solar desalination and compared it with con-
ventional ones. They reported that the freshwater yield of solar desali-
nation with parabolic trough collector and finned external condenser
enhanced by 67% and 7.3 %, respectively, compared to traditional ones
in the summer. Bhardwaj et al. [38] enhanced the condensation zone
and used wire cable to rise the productivity of the solar desalination.
According to the results, by increasing the condensation zone 7.5-fold,
the water production rate inside the lab and exposed to sunlight
improved by 65% and 50%, respectively.

Motivation for research

The temperature difference between condensation and evaporation
area is a significant parameter in the performance of solar desalination.
In this study, the ETHP-SC and a new design of external condenser were
coupled with single-slope solar desalination to improve the water pro-
duction rate. Water stream flowed between the manifold of ETHP-SC
and saline water and increased the evaporation rate. A wind ventilator
was used to reduce the pressure in the enclosure of solar desalination
using wind velocity and leading water vapor to contact the water cooling
system. To the best of our knowledge, the combination of a wind
ventilator and a water cooling system has not been used so far to in-
crease the condensation rate as an external condenser. Furthermore, by
using ETHP-SC and a new design of external condenser with wind
ventilator, the energy matrices were calculated, and environmental
analysis was performed to evaluate the solar still performance.

Experimental procedure
In order to fabricate solar desalination, some important factors, such

as low weight, long lifetime, corrosion, and fracture resistance, must be
considered. Moreover, the enclosure of a solar still should be completely
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Fig. 1. Sketch view of solar desalination with ETHP-SC and external condenser (wind ventilator and water cooling system).

sealed to prevent water vapor from escaping and well insulated to
decrease the heat transfer from the pool to the surrounding environ-
ment. In this study, modified and conventional solar stills with the same
dimensions were tested. The electrical equipment of the modified solar
still included hot water pumps in the ETHP-SC manifold and cold water
pumps in the water cooling system and cooling fan, which worked with a
12 Volt DC power supply. The solar still was made of galvanized plates
with a thickness of 0.006 m and basin dimensions of 0.25 m2. The outer
surface of the absorber plate was insulated with 0.03-m thick poly-
urethane foam, and to drain the distilled water, a gutter was welded with
a low slope, which was connected to an outlet pipe to collect the
generated water. In order to raise the absorption of solar intensity, the
basin of the solar desalination and the walls were colored black. The
glass had a thickness of 0.003 m. In order for better flows of the
generated water of solar still and higher absorption of solar radiation,
the angles of both glass cover and ETHP-SC were equal to 35°. An iron
manifold with a diameter of 0.05 m with five holes was used for the
ETHP-SC header, which was connected to condensers of five heat pipes.
The hot water circulated between the saline water and the manifold
through a pump with a power of 2.4 W. The hot water transmission
hoses were made by PVC to decrease the heat loss. The electrical power
of the hot water and cold water pumps and the cooling fan was provided
by a photovoltaic panel with dimensions of 0.1 m2. The manifold and
outer surface of the basin liner were insulated with 0.04 m thickness
fiberglass. The outer diameter of the evacuated tube was 0.07 m with a
wall thickness of 0.002 m and a length of 1.7 m. The water was used as
an operating fluid in heat pipes. The water (heat transfer medium)
temperature inside the evacuated tube rose and flowed upwards into the
manifold. The operating fluid of the heat pipe was constantly flowing
due to the principles of thermosiphon [39]. Fig. 1 indicates the sche-
matic of solar desalination using ETHP-SC and an external condenser.
The external condenser was used to rise the condensation rate and
freshwater yield of the solar desalination. It consisted of a wind

ventilator and a water cooling system. The wind ventilator was used to
create a relative vacuum in the enclosure of the solar still. In fact, the
vacuum in this device was created by the ambient wind, and therefore,
there was no need for electrical power to produce vacuum by an elec-
trical device, such as a fan or a pump. The wind velocity on the wind
ventilator caused negative pressure in the outlet of the wind ventilator,
and due to the connection to the enclosure of the solar still, it caused
suction and reduced the pressure in the solar desalination. The reduction
in the pressure in the solar desalination reduced the saturation tem-
perature and increased the water vapor. Therefore, the outlet water
vapor flowed to the external condenser and increased the water output
of solar desalination. One end of the external condenser was connected
to the top of the back wall of the solar still with a diameter of 0.05 m, and
the other end was mounted to the wind ventilator with a diameter of 0.1
m. The pipe of the external condenser was made of PVC, and it had a
reducer to decrease the velocity of water vapor inside the external
condenser. The suction created by the wind ventilator caused a portion
of the water vapor in the solar desalination to flow into the external
condenser. Fig. 2 demonstrates the solar desalination with ETHP-SC and
an external condenser.

In order to increase distillation and prevent water vapor loss, a
perforated copper sheet connected to the water cooling was placed in-
side the external condenser. The water cooling acted like a heat
exchanger and created a cooling zone in the water vapor path. As water
vapor passed through this zone, it was distilled and collected in the
lower part of the external condenser. On the copper sheet, 18 holes, 0.01
m in diameter, were punched. The water cooling system consisted of a
closed loop with water (operating fluid) circulating by a pump with a
power of 2 W. The copper heat sink was used for the cooling part and
attached to the copper sheet to reduce its temperature. In this case, the
water temperature grew, it flowed to the cooling part using a water
transmission pipe and cooled again by the heat sink and a fan with a
power of 3.1 W. The dimensions of the copper heat sink connected to the
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Fig. 2. The solar desalination using ETHP-SC and external condenser a) front
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Fig. 3. The configuration of manifold in the ETHP-SC.

copper sheet were 0.05 x 0.056 mZ Fig. 3 indicates the manifold
coupled with ETHP-SC of the modified solar still.

All measurements were performed in solar desalination under
meteorology of Semnan (35° 33’ N, 53° 23) for five days in July 2019.
The hourly measurements were performed during experiments from
8:00 to 17:00. The depth of the water was 0.02 m at the beginning of
each test, and the bottom of the tank was cleaned before each test.
During the tests, solar intensity, ambient temperature, glass and water
temperatures, external condenser temperature (perforated copper sheet
connected to water cooling), wind velocity, freshwater yield of solar
desalination and external condenser, total dissolved solids (TDS), and
PH were measured.

Mathematical background
Thermal efficiency

The thermal efficiency of a solar desalination is the ratio of the water
generation to the total energy entered the solar desalination through
solar intensity and electrical consumption and is obtained by [40]:
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where I, is the cumulative daily solar intensity, W is the electrical
consumption of the instrument, hy, is the latent heat, and Ay, is the area
of solar desalination and ETHP-SC.

Exergy analysis

The exergy analysis is the relation of the generated exergy to the sum
of exergy input into the system and is calculated by [41]:

ExProduc/
_ 2
”EX Ex, input ( )

The exergy input to the solar desalination is equal to:
4T, 1 /T,
1-=+-(2)
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where T denotes the sun’s temperature, being equal to 5727 °C.
The exergy generation of the solar desalination is:

Exinpul =LA, X + Welec 3




[hev Ta
EXproduct = 3600 X hgg x (1 - T_> (C))

Water production price

The water production price is a significant evaluating on the per-
formance of a solar desalination. The capital recovery factor is obtained
by [42]:
i(141)"

CRF=— "
(T+iy—1

(5)

where i indicates the interest rate and is assumed 20%, and n shows the
lifetime of the solar desalination (twenty years). The first annual price of
the system is obtained by [43]:

FAC =P x CRF ©
which P shows the capital price. The salvage value is obtained by the
following formula [44]:

ASV = S x SFF )

where S denotes the salvage amount, being equal to twenty percent of
the capital cost [45]. The sinking fund factor is given by [46]:

i
SFF = ®)

The annual maintenance price, which includes the annual prices of
the demolition of components and repairs of the solar desalination,
which is equal to ten percentage of the first price, is calculated by [45]:

AMC = 0.10 x FAC (C)]
The uniform annual price of solar desalination is obtained by [21]:
UAC = FAC+AMC - ASV (10)
The price of one liter of water generation is obtained by [45]:
UAC
CPL = M 11
where M shows the annual freshwater generation of the system.

Benefit-cost ratio

This technique is an economic analysis of special finance projects and
an applied technique to evaluate projects. The benefit-cost ratio is
calculated by [47]:

UAB
BCR =—— 12
UAC a2
where UAC and UAB show the present values of price and benefit,
respectively. The present value of the benefit in solar desalination is
obtained by [48]:

UAB =M x POW (13)

where M and POW respectively denote the annual freshwater yield of
solar desalination and the purchase value of one liter of drinking
freshwater, which varies in each country and equals 0.3$ in Iran.

Uncertainty analysis

All the experimental data were assumed to be divided uniformly. The
standard uncertainty is obtained by [49,50]:
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Table 1
The standard uncertainty of the equipment.

Equipment Accuracy Range Standard uncertainty
Solarimeter (W/m?) 1 0-5000 0.6

Thermometer ( °C) 0.1 —100 to 1300 0.06

PH meter 0.01 0-14 0.006
Conductivity meter (PPM) 1 0-2000 0.6

Volume meter (ml) 0.2 0-10 0.115

Multi meter (A) 0.01 0-15 0.006

where a resembles the accuracy of the equipment and u denotes the
standard uncertainty. Table 1 lists the uncertainties related to the
experimental convenience.

Klein [51] specified a relationship to obtain the uncertainty of the
experimental data:

u(y) = [(i]y)z.uz(xl) + <%>2.u2(x2) + ~~-]°’5 15)

in which y indicates the function value of the input number x;, and u(x;)
shows the measured input values of x;. By replacing the daily thermal
efficiency into the equation (15), the uncertainty of thermal efficiency is
obtained by:
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where V shows the voltage and I shows the electrical current of the
electrical equipment. Moreover, by replacing the exergy efficiency into
the Klein equation, the uncertainty of exergy efficiency is obtained by:

U(Nprergy) = (E)l( )2.142 (EX,,) + <£§prz>2‘u2(EX,-,,)]°-5 18)
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By calculating the equations above, the highest uncertainties related
to energy and exergy efficiencies in the solar desalination with external
condenser and ETHP-SC equal 1.42% and 2.1%, respectively.

Energy payback time and energy product factor

The EPBT is the value of time which the energy or exergy produced of



a solar desalination generates to achieve the energy consumed to
generate solar desalination products and components, which is calcu-
lated by the following equations [52]:

EPBTg, = _En (22)
Eﬂ)om
EA
EPBTg = —— (23)
B (Bex)ou

where E;, indicates the embodied energy, and (Ee),,, and (Eer),,, show
the annual exergy and energy generation of the system, respectively.
Furthermore, the EPF is the ratio of the total energy and exergy gener-
ated in the solar desalination to the embodied energy, which is calcu-
lated by [52]:

EPFg, — —(E§)°U‘ 24
EPFy, — (Eot)ou (25)

in
Exergoeconomic parameter
The exergoeconomic analysis can be specified as the coupled of

economic analysis using exergy analysis in the system, which is obtained
by [53]:

EEX oul
Rex = (UT)C (26)
E n

where Rgy, and Rg, show the exergoeconomic parameter considering
exergy and energy, respectively.

CO, emission

The CO; emission per kWh is about 0.96 kg [54]. The CO4 generation
per kWh is approximately 2 kg, considering the transfer loss and dis-
tribution loss, which are caused by unsuitable device. The annual COy
emission and CO2 emission over the lifetime of the system are given as
[55]:

ACDE =

2 Ein
X Lin (28)
n

CDED =2 x E;, (29)

CO4 removal

The CO, removal rate in the solar desalination is equal to (Eep),ye X 2.
Thus, the CO, removal during the lifetime of a solar desalination is
(Een)oye % 2 % n. The net value of CO, removal during the lifetime of a
solar desalination is calculated by [56]:

2((Een)ou X 0 — Ein)

Xeoy =
> 1000

(30)
where X,,, shows the environmental parameter.

Enviroeconomic parameter

The enviroeconomic analysis is obtained by multiplying the inter-
national price of CO; by CO; removal during the lifetime of a solar
desalination, which is calculated by [57]:

Zcoz = Z¢o, X Xcuz (31)

70 1000
|- —LO— Glass Temp }
| — -A — Ambient Temp
| —-y-—- Water Temp ‘
| — O — Basin.Temp_ ) y 1
60— O Solar intensity o o_\ o |
s S A NG 800 ~
—~ | Sl N 1 ‘e
(8] | . /{/ N —
= S X, =
S o - z
- (7]
[ [ =
3
@ g
o c
£ =
2 40 s
(2]
g
30 1~
1/ A~
' b
L | | | | -

12 14 16
Time (Hour)
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Fig. 5. Variation of temperature and solar intensity in solar still coupled with
external condenser and ETHP-SC.

where Z,, shows the enviroeconomic parameter, and z.,, shows the
international cost of carbon, which is about $14.5 per ton [58].

Exergoenvironmental analysis

The exergoenvironmental parameter gives the CO, mitigation
considering exergy in a solar desalination. The exergoenvironmental
parameter is calculated by [58]:

Kexeo, =
> 1000

(32)

where X, o, is the exergoenvironmental parameter based on exergy.
Exergoenviroeconomic analysis

The exergoenviroeconomic analysis is a technique to assess the cost
resulting of CO, emissions considering the exergy, which is obtained by
[59]:

Zex.co; = Zco, X Xx,coz

(33)
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where Z,, ., is the exergoenviroeconomic parameter.
Results and discussion

Solar radiation, environment temperature, and wind velocity are the
parameters that impact the productivity of solar desalination. An in-
crease in sun intensity raises the temperature of different components of
a solar desalination. Figs. 4 and 5 indicate the variation of solar intensity
and temperature of various components of both solar stills. Based on the
results, the saline water temperature was higher than absorber plate
temperature in the solar desalination with external condenser and
ETHP-SC, while being lower than absorber plate temperature in the
conventional ones, due to recirculation of water between the manifold of
ETHP-SC and solar still. Moreover, the external condenser temperature

was approximately 15.5 °C less than the glass temperature of the solar
still with ETHP-SC and external condenser. Moreover, the largest tem-
perature difference between brackish water and external condenser was
about 39.9 °C, while being about 22 °C between the water and glass. The
highest water temperature was about 80.7 °C and 59.7 °C in the solar
desalination with external condenser and ETHP-SC and conventional
solar desalination, respectively, which were achieved at the solar radi-
ation of 942 W/m?>.

Fig. 6 indicates the hourly productivity of traditional and modified
solar desalination with respect to solar radiation and ambient temper-
ature. The behavior of hourly yield of modified and conventional solar
desalination is the same at different hours. The maximum freshwater
yield of solar desalination with external condenser and ETHP-SC and
conventional solar desalination was about 520 ml/m? and 244 ml/m?,
which achieved at the solar radiation of 942 W/m? respectively. The
daily yield of the solar desalination with external condenser and ETHP-
SC was always more than that of the traditional solar desalination, due
to the use of external condenser and ETHP-SC in the modified solar still.
Moreover, solar radiation had a direct effect on water productivity in
both solar desalinations.

Fig. 7 indicates the hourly yield of two condensation areas (external
condenser and glass) in the solar desalination using external condenser
and evacuated tube heat pipe solar collector. The water generation in
the glass is related to the temperature difference of the water and glass,
while the water generation in the external condenser is related to the
wind velocity and the temperature difference between the external
condenser (perforated copper sheet connected to water cooling system)
and water. The input flow of water vapor to the external condenser
increased with the wind speed in the solar still. The hourly water pro-
ductivity of the external condenser was directly affected by the wind
speed. The highest water productivity of the external condenser was
about 24 ml, which occurred at a wind velocity of about 2.9 m/s, while
the lowest water productivity was about 15 ml, which occurred at a
wind velocity of 0.8 m/s. The yield fraction of the external condenser
was approximately 17.6% of the total productivity in the modified solar
desalination.

Fig. 8 indicates the variations in water productivity of the external
condenser, wind velocity, and suction flow rate of the wind ventilator of
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the modified solar desalination. As observed, the behavior of water yield
of external condenser, wind velocity, and the suction flow rate was the
same at various hours. Moreover, the maximum productivity of the
external condenser was about 24 ml, which occurred at a wind velocity
of 2.9 m/s and a suction flow rate of 0.019 m>/s in the wind ventilator.

Fig. 9 indicates the variations of freshwater yield, solar intensity, and
average ambient temperature within five days in July. The results
indicated that the freshwater yield was straightly affected by the

cumulative solar intensity and average ambient temperature. Moreover,
due to the use of ETHP-SC and external condenser to increase water
temperature and condensation rate, respectively, in the modified solar
desalination, its water generation was about 213% more than that in the
solar desalination without any modifications.

Fig. 10 illustrates the variations of total daily yield of solar desali-
nation with ETHP-SC and external condenser, wind speed, and water
productivity fraction of external condenser of modified solar
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Fig. 11. The thermal energy efficiency of solar desalinations.

desalination during the five days of experiments. As observed, the pro-
ductivity fraction of the external condenser had a positive impact on the
wind speed. The maximum and minimum water productivity fractions
of the external condenser were about 19.5% and 17.9 %, which occurred
at average wind speeds of 2.2 m/s and 1.1 m/s, respectively. Moreover,
the average yield fraction of the external condenser was approximately
18.62% of total production in the solar still with external condenser and
ETHP-SC.

Fig. 11 indicates the hourly change of the thermal efficiency for solar
desalination with ETHP-SC and external condenser and conventional
solar stills. The results indicated that the energy efficiency of solar
desalination with ETHP-SC and external condenser was higher than the
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T

05

8 10 12 14 16
Time (Hour)

Fig. 12. The exergy efficiency of solar desalinations.

traditional still. This was due to the more amount of water generated by
the solar desalination with ETHP-SC and external condenser. Moreover,
in the last hours of the experiments, the solar radiation was reduced by
the rise in energy efficiency. This was caused by the high water tem-
perature of the solar desalination with ETHP-SC and external condenser.

Fig. 12 demonstrates the changes in the exergy efficiency in both
solar desalinations. As observed, the behavior of the exergy efficiency
was the same in both systems during the tests. The exergy efficiency of
the solar desalination with external condenser and ETHP-SC was more
than the traditional solar desalination due to the more freshwater gen-
eration. Furthermore, the exergy efficiency of solar desalination with
ETHP-SC and external condenser and conventional solar desalination



Table 2
Parameters of coefficient of the proposed model of solar stills.

Type of solar m A b c R? Maximum
still Error (%)
Modified 1.06 E- 1.05 —0.075 0.016 0.992 0.53
04
Conventional 219E- 1.95 —0.432 0.032 0.997 1.05
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Fig. 13. The impact of a) average ambient temperature and b) wind speed on
the water productivity of proposed model.

equaled 1.3% and 0.4%, respectively, at 13:00.

According to the results shown in Figs. 9 and 10 using the regression
method, the daily yield of solar desalinations can be estimated as a
function of cumulative solar intensity, average ambient temperature,
and wind velocity:
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Fig. 14. The impact of a) mean daily ambient temperature and b) wind speed
on the water productivity of proposed model.

Ve

Mgaty =0 X I X T, x V6, (34)
where ngqy, is the freshwater production of the solar desalination, I is
the cumulative solar intensity, and T, is the average ambient tempera-
ture. Table 2 shows the parameters a, b, ¢, and errors related to the
equation. This equation is used to estimate the water yield of solar still in
various weather conditions.

Figs. 13 and 14 demonstrate the impact of average ambient tem-
perature and wind velocity on freshwater productivity in various cu-
mulative solar intensities of conventional and modified solar
desalination, respectively. As observed, that the water output of the
solar desalination had an opposite impact on the mean ambient tem-
perature due to the raise in the glass temperature, which reduced the
temperature difference between the glass and brackish water. Further-
more, the rise in the wind speed enhanced the freshwater generation by



Table 3
Construction Cost of solar desalinations.

Type of solar desalination Cost of components Salvage Value

(€] ©)]
Modified
Glass 9 1.8
Pumps 24 4.8
Body 45 9
Wind powered ventilator 10 2
manifold 15 3
PVC pipe 4 0.8
Water cooling system 40 8
External Condenser (Copper) 10 2
evacuated tube heat pipe solar 70 14

collector

Photovoltaic panel 40 8
insulation 5 1
Galvanized (Support) 20 4
Total Cost 292 58.4
Conventional
Glass 9 1.8
insulation 5 1
Body 45 9
Galvanized (Support) 20 4
Total cost 79 15.8

increasing the flow rate of water vapor to the external condenser, which
raised the value of water produced in the external condenser.

Table 3 shows the construction cost of solar stills. As can be seen, the
construction cost in the solar desalination with ETHP-SC and external
condenser, and the conventional solar desalination equaled $292 and
$79, respectively. Table 4 illustrates the cost per liter of solar stills with
interest rates of 10% and 20% during lifetimes of 10 and 20 years. As
observed, the highest cost per liter in solar desalination with ETHP-SC
and external condenser and traditional solar still was about 0.0653
$/1/m? and 0.0378 $/1/m?, respectively. Also, the CPL of the solar
desalination with ETHP-SC and external condenser was higher
compared to the conventional ones and occurred at an interest rate of
20% and a lifetime of ten years.

Table 5 indicates the benefit-cost ratio of solar stills with interest
rates of 10% and 20% and lifetimes of 10 and 20 years. The benefit-cost

ratios in the solar desalination with ETHP-SC and external condenser
and conventional solar desalination were higher than one. Furthermore,
the interest rate and lifetime had inverse effects on the benefit-cost ratio
in the solar desalination with ETHP-SC and external condenser and
conventional solar desalination.

Table 6 presents the embodied energy of solar desalination. The
energy used to generate various parts in the solar desalination with
ETHP-SC and external condenser and conventional solar desalination
was about 630.3 kWh and 132.3 kWh, respectively. As observed, the
embodied energy in the modified solar desalination was 4.76 times
higher than that in the conventional ones.

Table 7 indicates the EPBT and EPF based on exergy and energy
outputs. According to the results, the EPBT considering energy and
exergy was 0.82 and 14.20 years in the modified solar still and 0.37 and
6.37 years in the conventional solar desalination, respectively. This is
due to the high embodied energy of the modified solar desalination
compared to the conventional ones. The results also showed that the EPF
based on energy and exergy equaled 1.20 and 0.07 in the solar desali-
nation with ETHP-SC and external condenser and 2.69 and 0.15 in the
conventional solar still, respectively.

Table 8 indicates the exergoeconomic data for various lifetimes and
interest rates of solar desalinations. As observed, the exergoeconomic
parameter in the modified solar still was lower than the modified solar
still in different cases, which was due to the more construction cost in
the modified solar desalination. Furthermore, the exergoeconomic pa-
rameters based on energy at an interest rate of 20% and a lifetime of 20
years in the solar desalination with ETHP-SC and external condenser and
the conventional one were equal to 11.09 kWh/$ and 19.19 kWh/$,
respectively.

Table 9 presents the environmental parameters for the lifetime of 20
years in the solar stills. It can be seen that the CO, removal of the system
with ETHP-SC and external condenser was about 2.13 times that of the
traditional one. Moreover, the CO2 removal based on exergoenvir-
onmental analysis in the solar desalination with ETHP-SC and external
condenser and traditional solar desalination equaled 0.51 and 0.57 tons,
respectively. Moreover, the total dissolved solids and pH were measured
in two days, whose results are illustrated in Table 10. According to the
results, the output freshwater had good quality in the traditional solar

Table 4
Water production cost of solar desalinations.
Type of solar desalination n (year) i (%) CRF FAC SSF S ASV AMC UAC M (I/m?.year) CPL ($/1/m?)
Modified
10 0.10 0.163 47.522 0.063 58.400 3.664 7.128 50.986 1191 0.0428
10 0.20 0.239 69.649 0.039 58.400 2.250 10.447 77.846 1191 0.0653
20 0.10 0.117 34.298 0.017 58.400 1.020 5.145 38.423 1191 0.0323
20 0.20 0.205 59.964 0.005 58.400 0.313 8.995 68.646 1191 0.0576
Conventional
10 0.10 0.163 12.857 0.063 15.800 0.991 1.929 13.794 557 0.0247
10 0.20 0.239 18.843 0.039 15.800 0.609 2.826 21.061 557 0.0378
20 0.10 0.117 9.279 0.017 15.800 0.276 1.392 10.395 557 0.0186
20 0.20 0.205 16.223 0.005 15.800 0.085 2.433 18.572 557 0.0333
Table 5
Benefit cost ratio of solar stills.
Type of solar still n (year) i (%) UAC ($) POW ($) Annual water productivity (L) UAB ($) B/C
Modified
10 0.10 50.986 0.3 297 89.1 1.75
10 0.20 77.846 0.3 297 89.1 1.14
20 0.10 38.423 0.3 297 89.1 2.32
20 0.20 68.646 0.3 297 89.1 1.30
Conventional 0
10 0.10 13.794 0.3 140 42 3.04
10 0.20 21.061 0.3 140 42 1.99
20 0.10 10.395 0.3 140 42 4.04
20 0.20 18.572 0.3 140 42 2.26
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Table 6
Embodied energy of different part of solar desalination [52,60,61].

Type of solar still Name of Component Energy density

Mass of component (kg) Embodiedenergy (kWh)

MJ/kg kWh/kg
Modified
Glass 101.8 28.3 2 56.6
pumps (PVC) 77.2 21.4 0.4 8.5
Manifold (Steel) 25 6.9 2 13.8
Wind powered ventilator (PVC) 77.2 21.4 1 21.4
External Condenser (Copper) 100 27.7 0.3 8.3
Body (Steel) 25 6.9 6 41.4
Water cooling system (copper) 100 27.7 0.1 2.7
Water cooling system (steel) 25 6.9 1.6 11.1
evacuated tube heat pipe 11128.7 kWh/m? 0.03 m® 334
Insulation 55.6 15.44 0.3 4.63
Photovoltaic panel 980 kWh/m? 0.1 m? 98
pipe (PVC) 77.2 21.4 0.1 2.1
Support (Galvanized) 50 13.9 2 27.8
Total Embodied energy (kWh) - - - 630.3
Conventional
Glass 315 28.3 2 56.6
Body 25 6.9 6 41.4
Insulation 55.6 15.44 0.3 4.63
PVC pipe 77.2 21.4 0.1 2.1
Support (Galvanized) 50 13.9 2 27.8
Total Embodied energy (kWh) - - - 132.3
Table 7
EPBT and EPF of solar stills.
Type of solar still Annual yield (I/m2.year) Embodied Energy (kWh) Annual(E, ), (kWh) Annual(Eey),,, (KkWh) EPBTg, EPBTgy EPFg, EPFgx
Modified 1191 630.3 761.1 44.36 0.82 14.20 1.20 0.07
Conventional 557 132.3 356.3 20.77 0.37 6.37 2.69 0.15
Table 8
Exergoeconomic parameter for solar stills.
Type of solar still n (year) i (%) Annual(E.,),,, (kWh) Annual(Ey),,, (kWh) UAC R (@) R (@)
En (g x| g
Modified
10 0.10 761.1 44.36 50.986 14.93 0.87
10 0.20 761.1 44.36 77.846 9.78 0.57
20 0.10 761.1 44.36 38.423 19.81 1.15
20 0.20 761.1 44.36 68.646 11.09 0.65
Conventional
10 0.10 356.3 20.77 13.794 25.83 1.51
10 0.20 356.3 20.77 21.061 16.92 0.99
20 0.10 356.3 20.77 10.395 34.28 2.00
20 0.20 356.3 20.77 18.572 19.19 1.12

desalination and solar desalination with ETHP-SC and external
condenser.

Comparison of the distilled water productivity and total cost of water
production in the present study and different types of solar stills pre-
sented in Table 11. According to Table 11, although the cost of water
production for modified solar desalination is higher than conventional
type, its annual distilled water productivity is also higher.

Conclusion

In this research, the modified and conventional solar desalinations
have been experimentally investigated. The ETHP-SC was used to raise
the saline water temperature, while a new design of external condenser
was employed to improve the condensation rate. The water vapor was
discharged from the enclosure of the solar still by the wind ventilator
and then distilled by hitting the perforated copper sheet that was con-
nected to cooling water. All measurements were performed on solar still
with ETHP-SC and external condenser, and conventional solar stills in
Semnan climatic conditions (35° 33’ N, 53° 23') in July 2019 during five
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days. The water productivity, and economic and environmental analysis
of the solar desalination using ETHP-SC and external condenser were
also compared with those of the traditional ones. The significant results
of the experiments in this study are as follows:

The freshwater generation of the solar desalination using ETHP-SC
and external condenser was increased by 213% in comparison to
the traditional system.

e The CPL of the solar still with modification and the conventional one
were equal to 0.0576 $/1/m? and 0.0333 $/1/m?, respectively.

The energy and exergy efficiencies of the solar desalination with
ETHP-SC and external condenser was more than the conventional
solar desalination.

o The freshwater generation of solar desalination was directly affected
by wind speed.

The average yield fraction of using a wind ventilator and water
cooling system (external condenser) was about 18.62% of the total
yield in the solar still with modification.



Table 9
Environmental Analysis of solar desalinations.
Parameter Solar desalination with Conventional solar
ETHP-SC and external desalination
condenser
Life span (years) 20 20
Embodied Energy (kWh) 630.3 132.3
Annual Energy generation 761.1 356.3
(kWh)

Annual Exergy generation 44.36 20.77
(kWh)

CO; emission during lifetime 1260.6 264.6
(kg)

CO, removal during lifetime 30.45 14.25
(tons)

Environmental parameter 29.19 13.99
(ton Coy)

Enviroeconomic parameter 423.19 202.83

®

Exergoenvironmental 0.51 0.57

parameter (ton Coy)

Exergoenviroeconomic 7.45 8.21
parameter ($)

Table 10
The quality of water
Day 1 Day 4
Total dissolved solid PH Total dissolved solid PH
(ppm) (ppm)
Saline water 855 7.8 789 8.01
Produced 121 7.18 131 7.21
water
Table 11
Comparison distilled water productivity and total cost of solar still
Reference Distilled water productivity (1/m?2. CPL ($/L.
year) m2)
[17] 547 0.19
[19] 710 0.03
[18] 438 0.13
[26] 944 —
[26] 1600 _
[53] 180 0.18
Present study- 557 0.03
Conventional
Present study-Modified 1191 0.06

o The benefit cost ratios in both solar desalination were higher than
unity.

e The CO; removal based on environmental parameter in the modified
and conventional solar desalination was about 29.19 tons and 13.99
tons, respectively.
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